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Abstract A novel member of the neurotrophin family, zebrafish
neurotrophin-7 (zNT-7), was isolated from the zebrafish Danio
rerio. The amino acid sequence of zNT-7 is more closely related
to that of fish nerve growth factor (NGF) and neurotrophin-6
(NT-6) than to that of any other neurotrophin. zNT-7 is,
however, equally related to fish NGF and NT-6 (65% and 63%
amino acid sequence identity, respectively) indicating that it
represents a distinct neurotrophin sequence. zNT-7 contains a 15
amino acid residue insertion in a L-turn region in the middle of
the mature protein. Recombinant zNT-7 was able to bind to the
human p75 neurotrophin receptor and to induce tyrosine
phosphorylation of the rat TrkA receptor tyrosine kinase, albeit
less efficiently than rat NGF. zNT-7 did not interact with rat
TrkB or TrkC, indicating a similar receptor specificity as NGF.
We propose that a diversification of the NGF subfamily in the
neurotrophin evolutionary tree occurred during the evolution of
teleost fishes which resulted in the appearance of several
additional members, such as zNT-7 and NT-6, structurally and
functionally related to NGF.
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1. Introduction
The neurotrophins are a family of structurally and func-
tionally related polypeptide hormones that control the surviv-
al, di¡erentiation, plasticity and regeneration of vertebrate
neurons [1]. Four di¡erent neurotrophins are known in mam-
mals and amphibians: nerve growth factor (NGF) [2,3], brain-
derived neurotrophic factor (BDNF) [4], neurotrophin-3 (NT-
3) [5^9] and neurotrophin-4 (NT-4) [10,11], also known as
neurotrophin-4/5 [12]. Neurotrophins bind to two classes of
cell surface receptors. All members of the family interact with
a transmembrane protein without catalytic function, p75
[13,14], as well as with distinct members of a subfamily of
receptor tyrosine kinases known as Trk [15]. NGF interacts
with TrkA, BDNF and NT-4 with TrkB and NT-3 with TrkC.
Mammalian NGFs show higher sequence similarity to NT-3
than to either BDNF or NT-4. The latter are more closely
related to each other, which is also re£ected in the fact that
both these neurotrophins utilize the same receptor tyrosine
kinase, TrkB. Mammalian NT-3 is equally distant from
NGF and the BDNF/NT-4 subfamily [10]. The crystal struc-
ture of neurotrophins contains three pairs of anti-parallel L-
strands connected by turns and L-hairpin loops containing
most of the variable residues among the four mammalian
neurotrophin proteins [16^18].
Homologous sequences to NGF, BDNF and NT-3 have
also been isolated from teleost ¢shes (salmon, zebra¢sh and
platty ¢sh among others), while no sequences resembling NT-
4 have so far been found in any ¢sh species [10,19]. However,
a distinct neurotrophin gene, known as neurotrophin-6 (NT-
6), has been identi¢ed in two species of platty ¢sh [20]. NT-6
is more closely related to NGF than to any other neurotro-
phin, and like NGF, recombinant NT-6 has trophic activities
on embryonic sympathetic neurons. NT-6 has an unusually
long extension in a highly variable L-turn region, rich in pos-
itively-charged residues, which has been shown to mediate the
interaction of this neurotrophin with heparin in vitro [21].
Despite big e¡orts by several laboratories, sequences related
to NT-6 have so far not been found in mammals, suggesting
that NT-6 may be a diversi¢cation of the NGF subfamily of
neurotrophins unique to ¢shes.
Using the polymerase chain reaction (PCR), we have iso-
lated a novel neurotrophin from the zebra¢sh Danio rerio
which we have named zebra¢sh neurotrophin-7 (zNT-7).
zNT-7 is both structurally and functionally related to ¢sh
NGF and NT-6. The apparent absence of sequences homol-
ogous to either zNT-7 or NT-6 in mammals suggests diverse
evolutionary histories of the neurotrophin family tree in dif-
ferent groups of vertebrates.
2. Materials and methods
2.1. PCR, molecular cloning and sequence analyses
Six separate mixtures of 28-mer oligonucleotides (including restric-
tion sites) representing all possible codons corresponding to the amino
acid sequences KQYFYET (upstream oligonucleotide) and WRFIR-
ID (downstream oligonucleotide) were used to prime the ampli¢cation
of about 1 Wg of zebra¢sh genomic DNA. PCR products were sub-
cloned into pBS KS (Stratagen) and sequenced. Several independent
clones were sequenced for each gene isolated. Approximately 1 000 000
clones from a zebra¢sh genomic library were screened using conven-
tional procedures with a PCR fragment of zNT-7 labeled with [K-
32P]dCTP. Hybridization was carried out in 4U SSC (1U SSC is
150 mM NaCl, 15 mM sodium citrate, pH 7.0), 40% formamide,
1U Denhardt’s solution and 10% dextrane sulfate at 42‡C. The ¢lters
were washed at 60‡C in 0.1U SSC, 0.1% SDS. DNA was prepared
from a hybridizing phage clone and directly sequenced using oligonu-
cleotide primers 5P-ACC TGA CCC ATG CCA CAG ACT TAG-3P,
5P-TCG CTT GGA GGT TCA TCC GCA TCG-3P, 5P-CAA GCG
ATC TGG TTT TTG TAG GAC-3P, 5P-CCA ACC CAG TGC TCT
TCC GTG TCG-3P and 5P-TCC GTC GGA TGC GTG GAC GCC
TGG-3P. A full-length zNT-7 DNA fragment was obtained by PCR
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ampli¢cation of phage clone DNA with primers 5P-GAT GGA TCC
TGC CCA TGA GGT CGT TGA CGC T-3P and 5P-GAT GGA TCC
GGG ACT CAG TGG CGT TGG CAG T-3P, subcloned into
pCDNA3 (Invitrogen), and con¢rmed by further DNA sequencing
reactions. Alignments of amino acid sequences were performed with
programs GAP, PILEUP and LINEUP; phylogenetic trees were con-
structed using DISTANCES, GROWTREE, PAUPSEARCH and
PAUPDISPLAY. All programs were from the Genetics Computer
Groups package version 9.1 [22].
2.2. Production of recombinant zNT-7
COS cells grown to about 70% con£uency were transfected with
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Fig. 1. Primary structure of zNT-7. A: DNA and deduced amino acid sequence of zNT-7. Putative signal sequence (single underline) and pro-
teolytic cleavage site (double underline) are indicated. B: Alignment of amino acid sequences of zNT-7 and other neurotrophins. Variable re-
gion III is indicated. chi, chicken; hum, human; mou, mouse; xen, Xenopus; xip, platty ¢sh (Xiphophorus maculatus) ; zeb, zebra¢sh.
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25 Wg plasmid DNA per 100-mm dish using the DEAE dextran-chlo-
roquine protocol. After transfection, cells were grown in complete
medium (DMEM plus 10% FCS) for 24 h, after which they were
changed to serum-free medium supplemented with transferrin and
insulin (1 Wg/ml each) and left for three days. Conditioned medium
was collected, cleared by centrifugation, and concentrated by ultra-
¢ltration (Amicon). For metabolic labeling, 35-mm dishes transfected
in parallel were grown over the third night after transfection in the
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Fig. 1. (continued)
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presence of 200 WCi/ml [35S]cysteine (Amersham). Aliquots of 100 to
200 Wl of conditioned media were analyzed by SDS-polyacrylamide
electrophoresis (SDS-PAGE) in 16% polyacrylamide gels. After ¢xa-
tion, the gels were exposed to phosphorimaging screens and analyzed
in a Storm 840 phosphorimager (Molecular Dynamics).
2.3. Receptor binding and Trk phosphorylation assays
Puri¢ed murine NGF (Promega) was labelled by the lactoperoxi-
dase method with 125I-Na to an average speci¢c activity of 1U108
cpm/Wg. Steady-state binding to human A875 melanoma cells was
measured in competition assays performed in 96-well ¢lter plates
(Millipore) at 4‡C with 1.5U1039 M 125I-NGF, 10U105 cells/well,
and serial dilutions of COS cell conditioned medium containing
zNT-7. After two washings with ice-cold binding bu¡er, dried ¢lters
were counted in a gamma counter (LKB). Non-speci¢c binding was
measured in a parallel incubation to which at least 100-fold molar
excess of unlabelled NGF was added. All results were corrected for
this non-speci¢c binding. Control experiments using medium from
mock-transfected COS cells showed that other proteins present in
the medium had no e¡ect on 125I-NGF binding. The generation of
MG87 ¢broblasts expressing Trk receptors has been described previ-
ously [23]. After exposure to serial dilutions of COS cell conditioned
medium or puri¢ed factors, Trk-expressing cells were lysed and cell
lysates were immunoprecipitated with speci¢c anti-Trk antibodies
(kindly provided by David Kaplan), fractionated by SDS-PAGE,
blotted onto nitrocellulose ¢lters and probed with anti-phosphotyro-
sine antibodies (UBI). Western blots were analyzed by enhanced
chemi£uorescence (ECF, Amersham) and scanned in a Storm 840
£uorimager (Molecular Dynamics).
3. Results and discussion
To enable a reconstruction of the evolutionary history of
the neurotrophin family, we have previously used PCR to
isolate neurotrophin gene sequences from several organisms
[10]. Using a collection of degenerate oligonucleotide primers
complementary to conserved regions in the neurotrophins, we
have now isolated partial neurotrophin-like sequences from
genomic DNA of the zebra¢sh Danio rerio. One of these se-
quences, herein called zebra¢sh NT-7 (zNT-7), was signi¢-
cantly di¡erent from previously isolated neurotrophins and
was selected for further analysis.
A zebra¢sh genomic library was screened with the PCR
fragment of zNT-7, and a single hybridizing clone was iso-
lated. Phage DNA from this clone was used as template in
automated DNA sequencing reactions using primers based in
the sequence of the zNT-7 PCR fragment. The complete open
reading frame of zNT-7 was deduced in this way (Fig. 1A).
Oligonucleotide primers complementary to the beginning and
end of this open reading frame were used in subsequent PCR
reactions to amplify a DNA fragment containing the full
length coding sequence of zNT-7. The zNT-7 sequence begins
with a hydrophobic stretch of amino acids ^ a putative secre-
tion signal sequence ^ and has a typical dibasic motif in the
middle ^ a putative proteolytic cleavage site for release of the
mature polypeptide form (Fig. 1A). The amino acid sequence
corresponding to mature zNT-7 was aligned to those of other
neurotrophins. zNT-7 showed a similar arrangement of vari-
able and conserved regions as seen in other members of the
neurotrophin family (Fig. 1B).
A characteristic feature of the neurotrophin structure is a L-
turn of variable length £anked by two cysteine residues
known as variable region III [16]. This region bulges out of
the elongated neurotrophin backbone and is highly variable,
even among species orthologs of the same neurotrophin. A
model of NGF-TrkA association has been proposed in which
each receptor molecule makes extensive contact with the two
NGF promoters along the side of the dimer interface [24]. In
this model, the amino acid residues in variable region III are
predicted to accommodate outside the receptor-ligand binding
surface in between the two receptor molecules. Perhaps be-
cause of this, the L-turn of region III can tolerate considerable
expansions in the number of residues between the two cys-
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Fig. 2. Unrooted phylogenetic tree of neurotrophins. The tree shown was obtained using a neighbor-joining algorithm. Trees of similar topol-
ogy were also obtained when a heuristic algorithm of parsimony analysis was applied to the same alignment.
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teines. Mammalian NT-4s have up to 16 amino acid residues
in this region [7,11], while ¢sh NT-6 has 31 [20]. Variable
region III in zNT-7 contains 24 amino acid residues in be-
tween the two conserved cysteines (Fig. 1B). Apart from being
rich in glycine and proline residues, the sequence in this region
is unlike that of any other member of the neurotrophin fam-
ily.
An unrooted phylogenetic tree including representative full-
length neurotrophin amino acid sequences from di¡erent ver-
tebrates was constructed using a neighbor-joining algorithm
(Fig. 2). Trees of similar topology were also obtained using
heuristic algorithms of parsimony analysis (not shown). zNT-
7 appeared more closely related to members of the NGF
subfamily than to other neurotrophins. A subgroup of teleost
¢sh NGF-like sequences, including platty ¢sh and zebra¢sh
NGF, platty ¢sh NT-6 and zebra¢sh zNT-7 was distinguished
by this analysis (Fig. 2). Direct comparisons of amino acid
sequences established that zNT-7 is equally related to ¢sh
NGF (65% sequence identity to either platty ¢sh or zebra¢sh
NGF) and platty ¢sh NT-6 (63% sequence identity), indicat-
ing that it represents a distinct branch of the NGF subfamily
tree. This analysis also showed that paralogous genes in the
¢sh NGF subfamily share 63^65% sequence identity (platty
¢sh NT-6 and NGF, for example), while orthologous neuro-
trophins (platty ¢sh and zebra¢sh NGF, for example) share
above 80% sequence identity.
The structural similarity of zNT-7 to members of the NGF
subfamily was supported by its receptor binding speci¢city.
Recombinant zNT-7 was produced in the conditioned me-
dium of transiently transfected COS cells. Metabolic labeling
of transfected COS cell monolayers followed by SDS-PAGE
analysis indicated that zNT-7 and rat NGF were produced at
comparable levels in conditioned media (not shown). COS cell
conditioned medium containing zNT-7 displaced 125I-NGF
binding from the p75 neurotrophin receptor expressed on
A875 human melanoma cells in a dose-dependent manner
(Fig. 3). Thus, like all other neurotrophins, zNT-7 also inter-
acts with the p75 neurotrophin receptor. Conditioned medium
containing zNT-7 was also tested on MG87 ¢broblasts ex-
pressing di¡erent members of the Trk subfamily of receptor
tyrosine kinases. After exposure to conditioned medium, cells
were lysed and analysed for tyrosine phosphorylation of Trk
receptors by immunoprecipitation and Western blotting. This
analysis demonstrated that zNT-7 was able to induce tyrosine
phosphorylation of rat TrkA (Fig. 4). However, conditioned
medium containing zNT-7 was much less potent than that
containing NGF at stimulating TrkA activation, despite the
fact that both media contained comparable amounts of neuro-
trophin protein, indicating a suboptimal interaction of zNT-7
with mammalian TrkA receptors. zNT-7 was unable to induce
tyrosine phosphorylation of rat TrkB or rat TrkC receptors
(Fig. 4). Thus, although less potent than murine NGF, the
receptor speci¢city of zNT-7 supports the higher relatedness
of this neurotrophin to members of the NGF subfamily.
Orthologs of NGF, BDNF and NT-3 have been found in
diverse groups of vertebrates including mammals, amphibians,
reptiles, birds and ¢shes [10], suggesting that these are ances-
tral neurotrophins common to all major vertebrate groups. In
contrast, no orthologs of NT-4 have so far been found in ¢sh,
nor of NT-6 in mammals, despite big e¡orts by several labo-
ratories. We have so far been equally unsuccessful in identify-
ing orthologs of zNT-7 in mammals. If the absence of detect-
able NT-6 and zNT-7 sequences in mammals is taken as
evidence that the corresponding neurotrophin genes are not
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Fig. 4. zNT-7 induces tyrosine phosphorylation of rat TrkA (A) but
not TrkB (B) or TrkC (C). Puri¢ed BDNF and NT-3 were used at
100 ng/ml. Concentrations of conditioned medium of COS cells
transfected with empty vector (vector), NGF or zNT-7 are indi-
cated. Unstimulated cells (blank) were also included as negative
controls. The migration of tyrosine phosphorylated Trk receptors is
indicated (arrowhead).
Fig. 3. Binding of zNT-7 to the p75 neurotrophin receptor. Serial
dilutions of COS conditioned medium containing zNT-7 (solid
squares) were used to displace the binding of 125I-NGF from p75
receptors on the human melanoma cell line A875. Little or no dis-
placement was seen with conditioned medium from COS cells trans-
fected with a control plasmid (open squares).
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present in these organisms, the NT-6 and zNT-7 genes might
have ¢rst appeared in a common ancestor of teleost ¢shes
after this lineage split from the ancestor of amphibians and
mammals. Likewise, if orthologs of NT-4 are not present in
¢sh, the NT-4 gene might have ¢rst appeared in a common
ancestor of the amphibian/mammalian lineage after this di-
verged from ¢shes [25]. In this scenario of neurotrophin evo-
lution, NT-4 and NT-6/zNT-7 could be seen as diversi¢cations
of the BDNF and NGF subfamilies in amphibians/mammals
and teleost ¢shes, respectively, that occurred after these two
groups split from a common ancestor more than 400 million
years ago. In this respect, it is also of interest to note that NT-
4, NT-6 and zNT-7 are the only neurotrophins known to have
amino acid insertions in the L-turn variable region III; the
fact that these insertions are all of di¡erent size (i.e. 7, 22
and 15 residues, respectively) suggests that they originated
independently. We propose that, after the divergence of ¢shes
from other vertebrate lineages leading to amphibians and
mammals, diversi¢cations of the neurotrophin gene family
occurred in the NGF subfamily in ¢shes and in the BDNF
subfamily in amphibians and mammals which resulted in the
acquisition of additional members characterized by the pres-
ence of amino acid insertions in variable region III and the
shared use of a common Trk receptor.
The radiation of teleost ¢shes was a remarkable event dur-
ing vertebrate evolution both because of its magnitude and
speed. The possibility that teleost ¢shes have a number of
neurotrophin genes not present in other vertebrate lineages
should therefore not be so surprising. In fact, up to ¢ve di¡er-
ent Trk gene paralogs have been described in the zebra¢sh
[26], compared to only three in all other vertebrate groups
investigated so far, suggesting that teleost ¢shes may indeed
have more neurotrophin/Trk pairs than mammals. The iden-
ti¢cation of the cognate Trk receptor for zNT-7 among the
¢ve zebra¢sh Trk proteins previously identi¢ed is clearly of
great interest.
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